Nickel 
Abstract:
Nickel Rapid progress in the development of new materials facilitates to a great extent development of novel technologies and modern scientific and technical progress. In recent years, a lot of new materials are obtained by sintering of powders. Metalic amorphous alloys with magnetic properties are especially widely applied [1] [2] [3] [4] [5] [6] [7] [8] . Amorphous alloys are characterized by a metastable state and when heated, the process of structural relaxation takes place in them [9] [10] [11] [12] [13] [14] [15] [16] . The process of structural relaxation is followed by crystallization, which in turn affects mechanical, electrical, magnetic and other characteristics of these materials.
Powders of certain characteristics can be obtained by electrochemical depostion [8, [16] [17] [18] [19] [20] [21] [22] [23] . Deposits of different chemical composition may be obtained by varying parameters like composition and temperature of the bath, cathode material and parameters of electrolysis [8, [16] [17] [18] [19] [20] [21] [22] [23] .
In this study, investigation of the influence of current density on the physical and chemical characteristics of electrochemically obtained nickel and molybdenum alloys is performed.
Experimental
The powder was obtained in a glass electrochemical cell with a volume of 2.0 dm 3 containing a special part with a Lugin capillary and a saturated calomel electrode. The anode used was a RuO 2 /TiO 2 electrode with a 10 cm 2 surface area and the cathode was a titanium plate with a 6 cm 2 surface area and thickness of 0.2 cm. The cell was in a thermostat. The working temperature was maintained at 298 ± 1,0 K. Following electrolysis, the obtained powder was washed several times with distilled water. After being washed with water, in order to prevent oxidation, the powder was washed with 0.1% benzoic acid solution and dried at 333 K. The chemical composition of the powder was determined by the atomic absorption metod. Analysis of the size and shape of powder particles was performed a by Leica Q 500MC automatic device for microstructural analysis. Investigation of electrical properties was made using samples 40x1.2x0.5mm, obtained by powder pressing under the pressure of 100 MPa. Electrical resistivity was measured by the four-point method within the temperature interval of 293 K to 973 K. The measurements were made in argon atmosphere. Differential scanning calorimetry (DSC) thermograms were obtained on a DuPontThermalAnalyser1090 at a heating rate of 20 K min -1 under pure argon flow. Measurements of relative magnetic permeability were performed using a modified Maxwell method, based on the action of an inhomogeneous field on the magnetic. Measurements of the magnetic force were performed with a sensitivity of 10 -6 N. Measurements were done in argon atmosphere. 3 , was used to co deposit nickel and molybdenum deposits whose structure and morphology depend on the current density. If the current density is in the range 15 mA cm -2 < j < 30 mA cm -2 , the resulting deposit has a smooth compact coating of silver-white color. In the current density range from 30 mA cm -2 to 40 mA cm -2 a spongy deposit is formed. Powders are formed at a current density above 40 mAcm -2 . The chemical composition of the powders depends on current density. Fig. 1 shows that the Mo content increases with current density reaching its maximum at j = 70 mA cm -2 , but a further increase in current density decreases the Mo content in the deposits.
Results and discussion

Fig. 1 Mo content (wt. %) in the alloy as a function of current density of electrodeposition
Powders formed at j < 60 mA cm -2 are metallic gray, while the powders obtained at j > 100 mA cm -2 are black. The shape and distribution of particle sizes in the obtained powders also depend on the current density at which powders were formed. More coarse particles in the powders are formed at lower current densities (Fig. 2) . The polarization curve of the reaction of co-deposition of nickel and molybdenum indicates that in the current density range j < 7 mA cm -2 , the potential E is linearly dependent on the logarithm of the current density log j (dependence of Tafel) with a 60 mV slope, which in return points out that in this current density range the process is activation controlled. Fig. 3 shows the dependence of current density of electro deposition on potential. An abrupt increase of potential with the increase in current density at current densities larger than 7 mAcm -2 and the existence of several shoulders along the curve, indicates a complex deposition mechanism of Ni and Mo. Nickel complexes of different compositions with ligands NH 3 , OH -and H 2 O coexist in the solution. Molybdenum is present in the form of isopolimolybdats composed of different numbers of Mo 6 octaeders. The curve shape (Fig. 3 ) indicates that at current densities above 10 mA cm -2 co deposition of Ni and Mo is a mixed controlled process. The deposition rate is determined by a chemical reaction of the electro active complex forming and diffusion of this complex towards the electrode surface. The structure of the electro active complex depends on potential. Co deposition mechanisms of Ni and Mo are different in different potential ranges, which in turn are reflected in the chemical composition, structure and morphology of the deposits.
The structure of the powders obtained at different current densities is established with X-ray analysis, differential scanning calorimetry (DSC) and measurements of magnetic permeability and electrical resistance as a function of temperature. Pronounced diffraction peaks on the X-ray diagram of the powder obtained at 50 mA cm -2 indicate a particle content with a crystal structure. Powders formed at higher current densities have less and less pronounced diffraction peaks with the increase in current density. The results of X-ray analysis show that powders formed at current densities j ≥ 70 mA cm -2 are mostly composed of amorphous particles. The same conclusions are drawn from analysis of thermal diagrams and dependence of magnetic permeability and electrical resistance from temperature. Fig. 4 shows thermal diagrams of powders obtained at different temperatures. Fig. 4 shows that the peak height increases with the increase in current density of powder electrodeposition. This indicates that powders obtained at higher current densities have a higher content of particles with an amorphous structure. The thermal diagrams presented show that crystallization of the powders begins at lower temperatures, if the powders were obtained at higher current densities.
Powder formed at j = 180 mA cm -2 begins to crystallize at 573 K, while powder obtained at j = 50 mA cm -2 begins to crystallize at 693 K. This indicates that powders formed at higher current densities are less stable. Crystallization of the powder causes decrease in the electrical resistance. This is illustrated by a diagram in Fig. 5 . It shows that the increase in electrical resistance slows down with a temperature increase in the temperature range 693 K < T< 793 K due to partial crystallization of the powder. An abrupt decrease in the electrical resistance takes place in the temperature range 823 K < t < 973 K. In this temperature range, the powder is mostly crystallized (Fig. 4 and Fig. 5 ). After the powder was heated to the temperature of 953 K, it was kept at this temperature for 30 minutes in order to achieve complete crystallization of the powder. After that, the powder was cooled down and its electrical resistance was measured. The resistance decreased linearly with the decrease in temperature. Repeated heating of the powder to 953 K obtained resistance values identical to those obtained during cooling after crystallization at 953 K. This is a confirmation that the crystallization process took place in the temperature range 693 K< T< 953 K and that Ni and Mo alloy powder formed electrochemically at j =180 mA cm -2 has an amorphous structure. Fig. 5 shows that powder resistance increases linearly with a temperature increase in the range 293 K < T < 463 K, during initial heating of the powder. This indicates that structural changes of the powder do not take place in the same temperature range. The same conclusions are drawn from the thermal diagrams shown in Fig. 4 . The resistance of the powder decreases with a temperature increase in the range 463 K < T < 573 K. In this temperature interval, a small endopeak can be noticed in the thermal diagram. This an indication that in this temperature range, crystallization does not take place, but a process of thermal stabilization of defects formed at the same time the powders were formed. In this temperature range, it is likely that a better contact among amorphous particles is achieved (which causes a decrease in electrical resistance). A linear increase in resistance in the temperature interval from 573 K to 693 K, caused by the temperature increase, indicates that in this range, significant crystallization of the amorphous powders did not take place, at a heating rate of 30 K min -1 . Figs. 6 and 7 show the temperature dependence of magnetic permeability of the powders formed at j = 180 mA cm -2 and j = 70 mA cm -2 . During initial heating, the relative magnetic permeability does not change significantly up to 463 K, because there are no structural changes in the powder in this temperature interval (Fig. 4 and 5) . From 473 K to 573 K the relative magnetic permeability increases in the powder formed at j = 180 mA cm -2 , for around 25%, while the increase is about 75% for the powder formed at j = 100 mA cm -2 . This increase is caused by thermal stabilization. After structural relaxation of the amorphous powders takes place at 703 K, the relative magnetic permeability of the cooled powders increased for about 25% in the former, and about 75% in the latter case. During the second heating, no significant change in the relative magnetic permeability is noticed below 613 K, since the process of thermal stabilization was completely finished during initial heating of the powders. The powders formed at lower current densities have a more pronounced endopeak (Fig. 4) and a more pronounced decrease in electrical resistance, which indicates that thermal stabilization is present more in these powders. This causes that powders formed at lower current densities exhibit, after initial heating to 703 K, a larger change in relative magnetic permeability. The powders obtained at higher current densities have a larger magnetic permeability due to the larger amorphous phase content. After crystallization of the powders of nickel and molybdenum amorphous alloys at 953 K, their permeability decreases, and the obtained value does not depend on temperature in the temperature interval 293 K < T < 613 K. Powders formed at different current densities, have approximately the same values of magnetic permeability after crystallization. The Curie temperature of the amorphous powders is about 10 K lower than the Curie temperature of crystallized powders (Figs. 6 and 7 ).
Conclusion
Nickel and molybdenum amorphous alloy powder with a well defined chemical composition, structure, size and shape of particles is obtained by an appropriate choice of electrolysis parameters, on the titanium cathode, from an NiSO 4 ⋅7H 2 O and(NH 4 ) 6 Mo 7 O 24 ⋅4H 2 O ammonium solution.
Thermal stabilization of nickel and molybdenum amorphous alloy powder took place in the temperature interval from 463 K to 573 K and is followed by a decrease in electrical resistance and increase in magnetic permeability. The temperature of crystallization of nickel and molybdenum amorphous alloy powders was lower if the powder was formed at higher current density. The powder formed at j = 180 mA cm -2 crystallized at T >573 K, while the powder formed at j = 50 mA cm -2 only begins to crystallize at 673 K. Crystallization of the powder causes a decrease in its electrical resistance and magnetic permeability. The Curie temperature of crystallized powders is about 10 K higher than the Curie temperature of amorphous powders. 
